Coloration (intensity, distribution) and nutritional value are important quality parameters in lettuce (Kader et al., 1973; Ryder, 1999a; Simonne et al., 2002) and are based, in part, on anthocyanin and chlorophyll levels.
Biotic (genetics, growth stage, disease) and abiotic (temperature, light, water potential, nutrient availability) factors which affect lettuce growth are also reported to infl uence anthocyanin and chlorophyll concentrations in various tissues of other horticultural crops anthocyanin and chlorophyll levels in other horticultural crops are key but insuffi cient to explain similar phenomena in lettuce. Diversity in crop and tissue physiology and pigment forms and distribution leave open the possibility that pigment regulation in lettuce may differ from that in other crops. Regardless, the prominence of lettuce in vegetable industries and human diets worldwide calls for studies which help to enhance its quality (appearance and nutritional value), including through genetic and horticultural manipulation. Temperature may modulate anthocyanin and chlorophyll levels in lettuce (Kleinhenz et al., 2003; Voipio and Autio, 1995) , but additional information is needed to confi rm and characterize this regulation. Therefore, we set out to further clarify the effect of temperature on anthocyanin and chlorophyll b levels in immature lettuce, using controlled environments and a set of closely related cultivars. A completely randomized design with four replications per temperature-cultivar combination was used. The entire experiment was conducted twice.
Materials and Methods

Plant
Anthocyanin and chlorophyll b extraction and quantifi cation. Samples were collected from the most fully expanded leaf (third leaf (Dela et al., 2003; Maza and Miniati, 1993; Oren-Shamir and Levi-Nissim, 1999; Reay 1999; Shaked-Sachray et al, 2002; Shvarts et al., 1997a Shvarts et al., , 1997b Wang and Zheng, 2001 ). Genotype, temperature and light are reported to act alone and together in shifting lettuce pigment levels (Crozier et al., 1997; Ferreres et al., 1997; Kleinhenz et al, 2003; Robinson et al., 1986; Ryder 1999b; Voipio and Autio, 1995) . Still, these effects are incompletely characterized.
In lettuce, a complementary gene pair (CcGg) controls the presence or absence of anthocyanins, predominately cyanidin 3-malonylglucoside (Yamaguchi et al., 1996) , while a multiple allelic system governs the pattern of red coloration (Robinson et al., 1986; Ryder, 1999b; Thompson, 1938) . For this study, we employed three closely related red-leaved, Lollo Rosso cultivars ['Lotto', 'Valeria', and 'Impuls' (Nunhems Seed, Haelen, Netherlands)] differing mainly in the number of genes controlling anthocyanin levels. 'Lotto' (1 gene for color intensity) is the best type selection of the cultivars 'Lollo Bionda' and 'Lollo Rosso', 'Valeria' (2 genes) is a morered mutant of 'Lotto' and 'Impuls'(3 genes) is a more-red mutant of 'Valeria'(A. vad der Arend, personal communication).
Studies on the environmental regulation of 
treatments, as previously described (Kleinhenz et al., 2003) . Samples remained in storage at -20 °C until pigment extraction. Total leaf fresh and dry weight measurements were also taken on all sampled plants.
Pigment extraction and quantifi cation was completed as described previously (Kleinhenz et al., 2003) with four minor exceptions. First, absorbance readings corresponding to anthocyanin pigments were measured at 530 nm. This wavelength led to maximum absorption in wavelength scans taken with a HP 8452 Diode array spectrophotometer (Hewlett-Packard Co., Palo Alto, Calif.) and has also been used previously (Pietrini et al., 2002; Reay, 1999) . Second, absorbance readings for anthocyanin and chlorophyll b pigments were measured with a spectrophotometer (DU 640; Beckman Coulter, Inc., Fullerton, Calif.). Third, standard curves were developed using HPLC grade cyanidin 3-glucoside (Chromadex, Santa Ana, Calif.) and laboratory grade chlorophyll b (Sigma-Aldrich, St. Louis, Mo.). Finally, here we elected to document temperature effects on chl b only. While chlorophyll a degraded more rapidly than chlorophyll b in Brassica and Ipomoea sp. leaf disks subjected to gradual-and rapid-boiling treatments in the lab (Chao and Yang 1996) , mean levels of chlorophyll a and chlorophyll b in intact lettuce leaves were not differentially affected by greenhouse light and temperature treatments (Kleinhenz et al., 2003) .
Statistical analysis. Preliminary analysis indicated that treatment effects did not differ between replicates in time (i.e., runs of the study). Therefore, data from both runs were pooled and subjected to analysis of variance (ANOVA) using Statistical Analysis System version 8e for Windows (SAS Institute, Cary, N.C.), with effects considered signifi cant when p ≤ 0.01. Treatment effects were analyzed by t tests (LSD) with α = 0.01.
Results and Discussion
Tissue percent moisture values were similar among temperature-cultivar treatments, with mean values of 94% to 96% (data not shown). Therefore, treatment effects on pigment concentrations expressed on a fresh weight and dry weight basis were similar. Temperature and cultivar signifi cantly affected anthocyanin and chlorophyll b concentrations (Table  1) . Although signifi cant, the interaction was due to a difference in the magnitude of the change in response, not its direction (Fig. 1) . Irrespective of temperature, anthocyanin and chlorophyll b concentrations were lowest in 'Lotto', intermediate in 'Valeria', and highest in 'Impuls' (Fig. 1) (Fig. 1) . These results are additional, strong evidence that low temperatures may increase anthocyanin and chlorophyll b concentrations in red Lollo Rosso lettuce, as reported earlier in other lettuces (Kleinhenz et al., 2003) and horticultural crops (Leng and Qi, 2003; Shvarts et al., 1997a Shvarts et al., , 1997b . In contrast, anthocyanin concentrations increased in strawberry fruit and Pinus sp. needles following high temperature exposure (Sallas et al., 2003; Wang and Zheng, 2001) . Fluctuating day/night air temperatures of 30/20 °C D/N resulted in higher anthocyanin and chlorophyll b concentrations than a constant 30/30 °C D/N temperature regimen (Fig. 1) . This result is cause to speculate that the detrimental effects of a daytime high temperature treatment (30 °C) on anthocyanin and chlorophyll b levels can be mitigated with a nighttime low temperature treatment (20 °C), especially in lettuce cultivars predisposed to contain relatively high levels of anthocyanins (e.g., 'Valeria', 'Impuls'). Possible explanations for temperature effects found here include enhanced production and/or retarded degradation of pigment levels. Low temperatures are thought to increase the transcript levels of genes, whose products phenylalanine ammonia lyase and chalcone isomerase, are enzymes involved in anthocyanin biosynthesis (Dela et al., 2003) . This phenomenon may help to explain the higher levels of anthocyanin in the fl uctuating temperature treatment. Furthermore, temperatures affect pigment stability, with evidence for increased pigment degradation at higher temperatures (Chao and Yang, 1996; Shaked-Sachray et al, 2002) .
Understanding temperature effects on pigment concentrations in lettuce has practical and scientifi c value, including in cultivar development and selection and croppingstorage-distribution systems design and management. Using a set of genetically similar cultivars grown under controlled environment conditions, we provide additional, strong evidence that anthocyanin and chlorophyll b concentrations in lettuce may be reduced at temperatures above those considered optimal for lettuce growth.
